The spectral behavior and the temperature dependence of the absorption coefficient of microporous silicon films are studied in the energy range of 1.2-3.8 eV, between 7 and 450 K. For photon energies above the direct band gap at 3.3 eV, the spectral behavior of the absorption coefficient is similar to that of crystalline silicon, and its absolute value is comparable to that estimated using Bruggeman effective medium approach. For lower energies the absorption coefficient is much reduced with respect to the effective medium model prediction. In this energy region, the absorption depends exponentially on the photon energy. From the temperature dependence of the absorption it is shown that this ''Urbach tail''-like behavior is not due to absorption in surface states. In the range 300-400 K, the temperature dependence of the absorption coefficient of microporous and crystalline silicon is the same. This is a strong indication that phonon-assisted optical absorption takes place as expected from the indirect nature of crystalline silicon.
I. INTRODUCTION
The observation of visible photoluminescence from microporous Si ͑micro-PS͒ is now well documented. The light emission appears at energies of 1.4-1.9 eV, well above the band gap of bulk crystalline Si ͑c-Si͒. It is now generally accepted that this strong blueshift of the photoluminescence band with respect to the fundamental absorption edge of c-Si is due to quantum confinement. [1] [2] [3] This phenomenon leads to the reduction of the electronic density of states in the vicinity of the c-Si band edge. On the other hand, the confinement increases the oscillator strength of the optical transitions. The breakdown of the k selection rules changes the ratio between no-phonon and phonon-assisted processes. All these mechanisms should affect the absorption properties.
Indeed, measurements of the spectral dependence of the absorption in micro-PS have shown 3,4 that it does not follow the behavior expected for indirect semiconductors. Rather, an exponential increase of the absorption coefficient with energy is observed over a wide range of photon energies. [3] [4] [5] [6] [7] Two approaches have been suggested to explain this exponential-like absorption curve. One possibility is that the distribution of sizes of the nanocrystals and the change of the oscillator strength with increased confinement energy leads to the observed difference. The other is that transitions involving surface states contribute extra absorption. 5 Since in indirect semiconductors, the absorption coefficient has a unique dependence on the temperature, the way to distinguish between these two ideas is to examine the behavior of the absorption coefficient as a function of the temperature.
In this paper, we report on a detailed investigation of the temperature behavior of the PS absorption over a wide range of photon energies. A comparison between the experimental results and the temperature dependence of c-Si absorption strongly suggests that nanocrystals in PS behave like an indirect band semiconductor for energies up to 3 eV. We also conclude that the contribution from surface states to the absorption is weak in the energy range investigated.
II. EXPERIMENT
Free-standing micro-PS layers are prepared from ͓100͔ oriented, boron-doped Si substrates, with a typical resistivity of 5 ⍀ cm. Before anodization, the substrates are provided with an ohmic back contact by aluminum evaporation followed by 20 min of sintering at 550°C. The electrochemical etching is done in a Teflon cell containing ethanoic hydrofluoric solution, with a Pt wire as a cathode. The etching solution is a 1:1 solution by volume mixture of hydrofluoric acid ͑49 wt. % in water͒ and ethanol. The etch current density is 30 mA/cm 2 . The anodization time is tuned from a few tens of seconds up to a few hours in order to obtain different layer thicknesses ranging from 1 to 160 m. After the etching procedure, the PS layers are detached from the substrate by an electropolishing step 8 with a current density of 500 mA/cm 2 . The free-standing samples are removed from the etching cell, rinsed with ethanol and dried in CO 2 gas ambient. The mesoporous Si ͑meso-PS͒ layers are produced in a similar manner from degenerate p-type substrates ͑boron doped to 10 m⍀ cm͒. All samples are fabricated in the dark.
The porosity of the samples is measured using gravitometry. The average porosity is 72Ϯ5%. For very thin samples ͑ϳ1 m͒, the error in the value of the porosity is larger. However, it is assumed that these samples are comparable to the thicker ones, prepared under the same conditions. The thickness of the layers is measured using a highresolution ͑0.5 m͒ optical microscope. Each of the layers is scanned below the microscope to check for thickness uniformity and absence of pinholes.
For the optical transmission measurements the samples are placed on a copper heater stage with a 0.5-mm pinhole and covered with a thin fused quartz plate to provide film flatness. Then, the holder is mounted inside a helium flow cryostat with quartz windows. The temperature is tuned from 7 up to 450 K. The upper limit of the temperature range is chosen to avoid hydrogen effusion and fast oxidation, which might affect the transmission measurements. 4 Within the investigated temperature range all results are reproducible during numerous thermocycles.
Light from a 300-W xenon lamp is dispersed by a 22-cm SPEX single monochromator and focused on a 1-cm 2 spot around the pinhole. The transmitted light is measured using a Si-Ge tandem photodiode. The spectral dependence of the transmission coefficient of the PS layer is calculated from the ratio of the transmitted intensities with and without the PS film. A further calibration step is done in order to determine the precise value of the absorption coefficient. A laser beam is focused to a small spot on the sample ͑smaller than the size of the pinhole͒ and the transmitted, reflected, and scattered light intensities are measured with and without the PS film. This procedure is performed for four different laser lines at 325, 351, 442, and 633 nm. Then, the absolute transmission is calculated using:
where T is the measured transmittance, d is the film thickness, and R is the reflectance. For Si the value of thermal expansion at Tϭ300 K is small ͓2.2 10 Ϫ6 K Ϫ1 ͑Ref. 10͔͒ and, therefore, its effect on the film thickness and porosity is neglected in the analysis.
The homogeneity of each sample, especially of thick ones, is essential if Eq. ͑1͒ is used to calculate the absorption coefficient. In order to assure that, the transmission and the reflectance of each sample are measured from both sides. There is no essential difference between these measurements. This asserts that the samples do not contain multilayer structure and gradient of porosity.
The transmission spectra of the thin samples show pronounced interference fringes, resulting from multiple internal reflections in the spectral range where the values of ␣d are small. In order to obtain reliable data, the transmission data for each layer are used only in the spectral range where the interference fringes are negligible. The absorption curve for the whole range from 1.2 to 3.8 eV is combined from measurements on films, made under the same conditions, but with different thicknesses. All micro-PS samples have the same photoluminescence spectra with maximum at 1.65 eV ͑measured from both sides of the films͒. This indicates that the layers have similar properties. Nevertheless, we observe small differences in the absorption coefficient at 1.96 eV ͑He-Ne laser͒ for samples prepared at the same conditions, but with different thicknesses. In general, thinner samples have slightly higher absorption coefficients than thicker ones. This is a result of a reduced porosity of the thicker samples, due to the prolonged chemical etching by HF during the anodization. Nevertheless, the observed changes are small and do not affect the spectral characteristics. The values cited here are accurate within 30%. Figure 1 shows the spectral dependence of the absorption coefficient at 300 K, for micro PS, combined from a set of layers with thicknesses of 1, 18, and 160 m. Each of the samples is used in the range between ␣dϭ4 and ␣dϭ0.05. The open symbols at the lower energy side of the curve are measured points on the thickest sample, which fall outside the limits stated above ͑i.e., ␣dϽ0.05͒, and, therefore, should be considered cautiously. Above 3.3 eV the transmittance cannot be measured with the normal dispersed light source (␣dϾ10). In this energy region only two points, at 3.45 and 3.8 eV ͑center-dotted͒, are measured on the thinnest sample using uv lines of an Ar* laser and He-Cd laser, respectively. The absorption coefficients of crystalline and hydrogenated amorphous Si ͑c-Si and a-Si͒ [11] [12] [13] are also shown for comparison.
III. RESULTS

A. The absorption spectrum
The spectral dependence of the absorption is different from that of bulk Si over most of the range studied. Only above ϳ3.1 eV the spectral behavior is similar to that of c-Si. In this regime the absorption coefficient saturates, but its value is lower than that of c-Si by a factor of 10. We apply the Bruggeman effective medium approximation for Si spheres embedded in vacuum.
14 As shown in Fig. 1 , this approach leads to a good description of the absorption coefficient above 3.1 eV in both the spectral response and the magnitude. Although only two experimental points have been measured above 3.3 eV, these points indicate a rather flat behavior of the absorption curve coinciding with that of c-Si. The possible error in the value of the porosity of thin samples gives only a minor change in the Bruggeman estimate of ␣.
Below 3 eV the absorption is much reduced with respect to the Bruggeman curve. This difference between the measured absorption coefficient and the effective-medium prediction increases as the photon energy becomes lower. Between 1.5 and 3 eV the absorption coefficient depends exponentially on the energy, with a typical slope of 180 meV. This result is in agreement with previous reports, made over a more limited range of photon energies. 4 Below 1.5 eV, near to the fundamental band gap of c-Si, the absorption curve deviates from the exponential slope. We point out that in this region, well below the luminescence band, the absorption coefficient is not negligible, probably due to a fraction of large nanocrystals ͑typical dimensions у100 Å͒. For such crystallites, the shift of the energy levels with quantum confinement is small.
To confirm the existence of such a fraction of large nanocrystals in the micro-PS layer, we replot the data from an indirect band semiconductor, above the exciton band edge, such a plot should exhibit a linear relation. 13, 15 This behavior is well-documented in c-Si. 16 Figure 2 shows the absorption coefficient for micro-PS in comparison with that of bulk c-Si ͑the values of ͱ␣ for c-Si are divided by a factor of 11 to allow a better comparison͒. The curves for micro-PS and c-Si have identical functional dependence below 1.5 eV. In this low energy range, a linear relation is observed for both materials, and almost the same value of the band gap ͑1.11Ϯ0.01 eV͒ is found using extrapolation to zero absorption. This similarity indicates that a fraction of large nanocrystals indeed exists and they govern the absorption below 1.5 eV.
The ͱ␣ប curve of c-Si in the vicinity of the fundamental band gap exhibits a weak corner, due to the onset of emission of momentum conserving TO phonons ͑below this corner only anti-Stokes processes are possible͒. 16 This onset is not observed in the absorption curve of micro-PS. This is probably due to the smearing of the optical transitions, because of small fluctuations in the band gaps of the large crystallites. This might arise from size variations or from internal stresses, which are known to affect the absorption. Although such fluctuations smear the phonon onset, they do not affect the behavior observed for photon energies well above the c-Si band gap ͑namely, បϪE g ӷ, where is the typical energy of the fluctuations͒.
We have estimated the fraction of the large nanocrystals by comparing the absorption coefficient of micro-PS with that calculated using the Bruggeman model.
14 Below 1.5 eV, the spectral behavior of the absorption coefficient of the micro-PS layer coincides with that of a 95% porosity sample in air ͓⑀ϭ1 ͑see Fig. 1͔͒ . Therefore, 5% of the total volume of the sample is occupied by large crystallites, which are 18% of the total Si content of a 72% porosity sample. We have also used a more refined approximation, in which the dielectric matrix is considered as PS with average ⑀ϭ2.3. ͑The value is evaluated from the interference pattern in the IR region, and is in good agreement with the estimation of the effective medium model.͒ We find that the amount of large crystals is 7% of the total Si content in the sample. Although these numbers are quite large, they are in agreement with recent x-ray studies.
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B. The temperature dependence of the absorption coefficient
The absorption up to 1.5 eV is governed by crystallites that are large enough so that quantum confinement effects are negligible. Above ϳ3.1 eV the absorption of micro-PS is merely that expected from a Si sample with a similar porosity. In the intermediate range between 1.5 and 3.1 eV the absorption increases exponentially with photon energy. It is higher than the absorption coefficient predicted for the evaluated amount of the large, bulk-like particles, and below that calculated for the total amount of Si in the sample. This is also the energy range in which the luminescence of micro-PS occurs. It is likely that the extra absorption in this region is due to the luminescing species, and therefore the understanding of the absorption in this region is important.
In Fig. 3 , the absorption spectra of an 18-m-thick micro-PS sample at different temperatures are shown. The spectra are taken in the energy range between 1.7 and 2.6 eV, which covers most of the region in which the exponential dependence is observed. The absorption coefficient increases with temperature. Moreover, the absorption curves for different temperatures are parallel within the investigated range ͑1.7-2.6 eV͒.
The increase of the absorption coefficient of micro-PS with temperature is highly nonlinear, as shown in Fig. 4 . At 2.3 eV, an increase by a factor of 5 is observed in the temperature range from 30-470 K. The inset depicts the temperature dependence of the normalized absorption coefficient at 1.96 eV, ␣(T)/␣(300K), for both c-Si and micro-PS in the temperature range 300-400 K. There is no significant difference in the temperature dependence of the relative absorption coefficient between these two materials.
C. The influence of surface disorder
In order to examine the possible role of the surface coverage in the absorption processes, we compare the absorption coefficient of a freshly prepared sample before and after the hydrogen is removed from the surface. After the sample is annealed in dry nitrogen at 600°C for 10 min, infrared absorption spectra show that 50% of the hydrogen is effused. Nevertheless, the absorption coefficient at 1.96 eV increases only by 30% with respect to the untreated sample and the spectral behavior remains similar. In particular, the slope of the log ␣ vs curve in the exponential regime is the same within 5%. This indicates that the increase in the surface disorder and the removal of hydrogen do not affect significantly the absorption characteristics ͑although the luminescence intensity drops drastically͒.
In order to clarify the origin of the small changes of the absorption coefficient following the annealing, we have studied the behavior of meso-PS layers with low porosities ͑55 Ϯ5%͒. The absorption characteristics of these samples are very similar to that of c-Si. Figure 5 shows a plot of ͱ␣ប vs energy for two meso-PS samples, an as-prepared one and another annealed at 600°C. In both cases the expected linear dependence is observed. The extrapolated gap of the annealed sample is slightly lower than that of the as-prepared one.
The shift of the gap as a function of the annealing temperature is shown in the inset. As the annealing temperature increases from room temperature up to 600°C the gap decreases by about 25 meV. Above 600°C the gap increases again. In micro-PS, XPS studies have shown that the confinement energies decrease for increasing oxidation temperatures up to 600°C. 18 These two observations seem to be related in origin. In both micro-and meso-PS, thermal treatment at temperatures up to 600°C decreases the band gap. Therefore, the slight increase of the absorption coefficient of micro-PS following the annealing procedure is due to a decrease of the gap. Furthermore, the fact that the same behavior is observed for meso-PS ͑with a similar magnitude͒, where the absorption is determined by the crystalline core, suggests that this change is not related to an increase of the density of surface states, but rather to a ''bulk'' effect ͑e.g., stress effects due to incomplete passivation͒.
IV. DISCUSSION
Like for the photoluminescence, several mechanisms have been suggested for the absorption of light in micro-PS. Lehmann and Gösele 1 attributed the lower absorption coefficient and the shift of the absorption edge in PS to a quantum confinement effect. Canham 2 suggested that the blueshift of the photoluminescence peak is a result of the confinement of the carriers inside the narrow Si wires. In both these ideas the underlying assumption is that the optical transitions occur mainly between quantum confined states inside the crystalline core. Another model for the photoluminescence has been proposed, in which the radiative recombination occurs via states localized at the surface. It was suggested that the disorder at the surface-due to, e.g., reconstruction-would result in a high density of surface states, similar in nature to band tail states in a-Si:H. Therefore, the optical properties of the surface layer should be similar to that of a-Si:H. Since the internal surface area of PS is large, and the absorption coefficient of a-Si:H in the energy range of ϳ2 eV where the emission of PS occurs is much higher than that of c-Si, it was argued that the influence of electronic surface states on the absorption and the emission could be significant, giving rise to the photoluminescence on one hand and to the exponential increase of the absorption with energy on the other hand. 5 In the following sections these two models are discussed in light of the temperature dependence of the absorption coefficient.
A. The surface state mechanism
The exponential dependence of the absorption coefficient on energy, observed over a wide range of energies between 1.5 and 3 eV, reminds the well-known ''Urbach tail'' observed in the absorption of amorphous semiconductors. This similarity has been one of the arguments for the existence of surface states and their importance in the absorption processes in PS. 5 However, some caution must be exercised before such an interpretation is put forward. Even in bulk c-Si an exponential dependence of the absorption coefficient is seen in the range 1.5-3 eV ͑see Fig. 1͒ , where it is clear that the absorption is due to band-to-band transition. a-Si:H x shows a similar exponential behavior as well, with a slope comparable with that of c-Si in the range 2-3 eV, above its optical gap. Therefore, in both c-Si and a-Si the exponential dependence of the absorption coefficient in this range reflects rather the parabolic nature of the density of states. The real Urbach tail behavior in a-Si:H x appears only below the gap at ϳ1.8 eV. 20 The best indication that the observed exponential energy dependence of the absorption coefficient cannot be attributed to a tail of localized states comes from the temperature dependence of the absorption ͑see Fig. 3͒ . There is a significant difference between the behavior of an Urbach tail as a function of temperature and the experimental observations. The absorption coefficient in the ''Urbach tail'' regime is given by:
͑2͒
where ␣ 0 and E 0 are independent on temperature, and E A is the Urbach energy, which is changing with the temperature T and the structural disorder X. Curves of log ␣ vs ប for different temperatures have to be linear over a large spectral range and extrapolate to a common point E 0 . This behavior is well documented for a variety of amorphous semiconductors ͓e.g., ␣-Si:H x , E 0 ϭ2.2 eV ͑Ref. 20͔͒. Quite contrary, the absorption curves for PS ͑see Fig. 3͒ are parallel and cannot be extrapolated to a single point. Furthermore, an increase of the structural disorder induced by hydrogen effusion does not affect the slope. Therefore, the dependencies of the absorption coefficient of micro-PS on the temperature and on the structural disorder of the surface are inconsistent with the assumption proposed in the literature 5 that the exponential regime of the absorption curve is due to the ''tail of surface states.'' While it does not contradict the existence of ''tail states,'' it implies that the strength of the optical processes in which they are involved is much weaker than that taking place in the crystalline core. One reason for the negligible influence of the disordered surface layer is that the relative amount of hydrogen is much higher than 10%. It is more likely to be in the range 40-50%. a-Si:H with such a high level of hydrogen content can be prepared by HOMOCVD. It has a gap in the region of ϳ2.8 eV, and its luminescence peaks at 2 eV. 21 Therefore, the contribution of a surface layer with such high hydrogen content in the exponential regime between 1.5 and 3 eV is negligible. However, even after removal of a large amount of hydrogen, when the Si-to-H ratio on the surface layer becomes similar to that found in usual a-Si:H, the spectral properties of the absorption and its magnitude are not altered. One might argue that the small changes observed in the absorption following hydrogen effusion could be due to a change of the surface condition. As shown before, a similar behavior is seen for meso-PS, in which the surface plays a negligible role in the absorption process. Therefore, we conclude that the contribution of optical processes which involve localized states at the surface is minor, and the exponential increase of the absorption with photon energy cannot be explained in terms of an Urbach tail.
B. Absorption in quantum confined Si nanocrystals
We turn now to the other model, and examine whether it is consistent with the observations. But before discussing the influence of quantum confinement on the temperature dependence of the absorption, it is instructive to examine the behavior of an indirect gap semiconductor. At the energies far from the exciton band, the absorption can be described as:
where
The summation is done over all phonon energies. Usually, however, the sum is replaced by a typical phonon energy, for c-Si about 55 meV. The absorption depends on the temperature due to two mechanisms. First, one should expect an increased occupation number of phonons as the temperature rises. Second, the band gap shifts with temperature, therefore changing the effective joint density of states at fixed energy. For បϪE g ӷប⍀ ph , Eq. ͑3͒ can be approximated by:
The first term on the right side of Eq. ͑4͒ is the increase of the occupation number of the phonons, and depends only on the temperature. The second term is a function of the difference between the photon energy and the band gap. Its dependence on the temperature enters via the shift of the band gap. Assuming that such a relation would hold in the general case of phonon-assisted transition, even well above the band gap, we obtain:
Here we have omitted ប on the left side of the equation, since it only changes by less than factor of 3 within the measurement range. F is inserted for the exact form of the joint density of states. The first term in Eq. ͑5͒ results in a horizontal shift of the absorption curve. The second one reflects an increase in the occupation numbers of available phonons and would result in a vertical shift of the absorption curve. Therefore, the changes in absorption curves at different temperatures can be considered as a combination of parallel vertical and horizontal shifts. This is the behavior observed for c-Si at elevated temperatures. 13 This is also true for the micro-PS, as shown in Fig. 3 . For the observed ex-ponential increase of ␣, a log ␣ graph vs ប is linear. On a linear curve the vertical shift and the horizontal shifts are just equivalent.
It is clear from Eq. ͑5͒ that, in the high temperature range where the second term controls the temperature dependence, the relative change in the absorption coefficient ␣(T)/ ␣͑300 K͒ will depend mainly on the phonon occupation numbers. Since the phonons are not strongly affected by the quantum confinement, the same temperature dependence will be observed, although the variation of the joint density of states of micro-PS might be very different from that of bulk c-Si. This is in agreement with the behavior seen in the inset of Fig. 4 .
Both the observations shown in Figs. 3 and 4 are consistent with the assumption that the absorption is governed by the crystalline core. Thus it seems reasonable that the exponential regime of the absorption coefficient should be explained in terms of quantum confinement. The values of the absorption coefficient and its spectral behavior are determined by the size distribution of the crystallites, the reduced joint electronic density of states and modified oscillator strength of optical transitions.
V. CONCLUSIONS
In conclusion, the temperature dependent measurements of the absorption coefficient of micro-PS prove to be a strong tool for understanding the nature of the process. We find that micro-PS behaves to a large extent as an indirect band semiconductor, and that the contribution of the surface states to the absorption is negligible for energies well above the fundamental band gap of c-Si. From the temperature-dependent measurements we conclude that the exponential increase of the absorption coefficient with energy cannot be interpreted as an Urbach tail behavior. The results are consistent with the assumption that the spectral dependence of the absorption reflects the size distribution of the crystallites and the change of the oscillator strength of the optical transitions with the confinement.
